Here we report a comprehensive analysis through alaninescanning mutagenesis of the contribution of surface ion pairs to the thermal stability of Alicyclobacillus acidocaldarius esterase 2 (EST2). We produced 16 single mutants, 4 double mutants corresponding to selected ion pairs R31/ E118, E43/K102, R58/D130, D145/R148, 2 double mutants (R63A/R98A and E50A/D94A) involving residues of a large ion network on the protein surface and the doublemutant R98A/R148A meant to disrupt the R98 interactions within the said network and, contextually, the interaction between R148 and D145. The double-mutant E43A/E273K was obtained by chance. All selected residues were replaced with alanine except E91, which was mutated to a glycine and K102, which was changed to a glutamine. All 24 proteins were over-expressed in Escherichia coli, purified and characterized with respect to the main features. Structural stability data were compared with an in silico prediction of DDG values. Our study of the individual factors involved in thermostability and their structural interpretation reveals that the great stability of this thermophilic protein can be explained by the contribution of a few residues at the protein surface.
Introduction
Proteins from (hyper)thermophilic microorganisms are important tools in biochemistry and there is an obvious biotechnological interest in engineering proteins with enhanced thermal stability and activity (Demirjian et al., 2001; Vieille. and Zeikus, 2001; Haki and Rakshit, 2003; Atomi and Imanaka, 2004; de Miguel Bouzas et al., 2006) . To be reachable this target requires a comprehensive understanding of the factors responsible for thermal stability as well as thermophilicity (namely the increase of activity by increasing temperature). Besides, identifying the bases of protein adaptation to higher or lower temperatures is integral to our understanding of protein folding, the protein structure/function relationship and the history of life on this planet, because phylogenetic evidence points to a thermophilic microbe as the likely last common ancestor (LUCA) (Miller and Lazcano, 1995; Woese, 1998; Forterre et al., 2005) .
Several sequence hallmarks and structural details have been proposed to contribute toward greater stability in thermophilic or hyperthermophilic proteins. The molecular determinants responsible for thermostability are, a priori, difficult to pinpoint. Although proteins from (hyper)thermophiles and their mesophilic homologues typically share 40-85% sequence similarity, their 3D structures are largely superimposable, and generally they have similar catalytic mechanisms (Szilágyi and Závodszky, 2000) . Mesophilic and (hyper)thermophilic paralogs typically differ in sequence at many positions and the thermal stability can be achieved by the addition of many small changes throughout the molecule with minimal changes in the backbone conformation. Furthermore, it is also difficult to pin down any single factor as being primarily responsible for enhancing thermal stability (Elcock, 1998; Daniel and Cowan, 2000; Hickey and Singer, 2004) . This is probably because protein stability is determined by a multitude of both local and long-range interactions, and there is a fine balance between several contributing factors (Argos et al., 1979; Russell and Taylor, 1995; Vieille and Zeikus, 1996; Chakravarty. and Varadarajan, 2002) . In some cases, it has been shown that pronounced thermal stability was achieved when several changes, each with a relatively small effect, were combined (Kauzmann, 1959; Querol et al., 1996; Pace et al., 1996; Vogt and Argos, 1997; Kumar et al., 2000; Sadeghi et al., 2006) . This emphasises the fact that in many cases the thermostabilisation effects of individual changes are independent and nearly additive.
Although bioinformatic analysis of experimental data at sequences (Cambillau and Claverie, 2000) or 3D structures (Szilágyi and Závodszky, 2000; Pechkova et al., 2007) level suggests a high number of ion pairs responsible for the higher thermal stability, direct evidence is contrasting in this respect (Spassov et al., 1995; Xiao and Honig, 1999; Perl et al., 2000; Pace 2000; Gianese et al., 2002; Makhatadze et al., 2003) . An emerging new idea is that thermal stability is not simply related to the number of ion pairs, but to more subtle 3D structural features and in particular to the optimization of electrostatic interactions (Xiao and Honig, 1999; Karshikoff and Ladenstein, 2001; Makhatadze et al., 2003) . According to this view more than the single, short-range (4 Å ) salt bridges, long-range interactions with charged or polar residues (the so-called electrostatic context) are important, including avoiding destabilising electrostatic interactions (Karshikoff and Ladenstein, 2001 ). Karshikoff and Ladenstein (2001) pointed out that this rule does not exactly hold for hyperthermophilic proteins. In the latter the optimization of electrostatic interactions is achieved by means of both the minimisation of repulsive contacts and the increase in the number of salt bridges. Furthermore, from quantum dynamic analysis it emerged that the role of longrange interactions needs to be analysed in a dynamic context to be fully understood (Mozo-Villiarías and Querol, 2006) .
Here we made full use of a member of the hormonesensitive lipase (HSL) family, the thermophilic esterase 2 (EST2) (Manco et al., 1997 (Manco et al., , 1998 from Alicyclobacillus acidocaldarius as a model for thermostability studies. EST2 is a monomeric protein of 310 residues, without disulphide bonds, cofactors or tightly bound ligand and its 3D structure is available (Manco et al., 1998; De Simone et al., 2000 , 2004a Mandrich et al., 2008) . Because of these properties, EST2 represents an excellent model for identifying the origins of thermostability within the HSL family at the molecular level by systematic mutagenesis. In the frame of the approaches that in recent years have been made to deduce the strategies that the Nature has adopted for protein stabilisation emerges the comparative analysis of high-resolution X-ray structures of thermostable proteins with those of thermolable counterparts. In this context, Brefeldine A esterase (BFAE) from Bacillus subtilis, EST2 and esterase from Archaeoglobus fulgidus (AFEST) are examples of mesophilic/thermophilic/hyperthermophilic carboxylesterases of the HSL family with known 3D structures. The analysis of these structures revealed the presence of (i) 24 ion pairs in EST2 and 26 ion pairs in AFEST, using a cut-off distance of 4 Å ; (ii) 39 ion pairs in EST2 and 42 ion pairs in AFEST, using a cut-off distance of 6 Å .
EST2 and AFEST are characterised by very high resistance against urea and weak resistance against GuHCl: at half-completion of the transition for EST2 the urea and GuHCl concentrations were 5.9 and 1.9 M, respectively (Del Vecchio et al., 2002) . This observation agrees with the hypothesis that the key factor of thermal stability is the optimisation of electrostatic interactions between charged groups on the protein surface.
The thermal transition curve for EST2 in the absence of denaturants indicates that, even at very high temperature, the molar ellipticity is not zero: 253008 cm 2 dmol 21 at 1008C. It is worth noting that a similar result emerged from FTIR measurements (Vogt and Argos, 1997; Cambillau and Claverie, 2000) . Therefore, a significant amount of secondary structure elements is retained in the thermally denatured proteins. The temperature-induced denaturation was reversible for EST2, since the re-heating of a sample previously heated gave a superimposable melting profile.
Recently, we performed a structural alignment with several sequences in the HSL family. The alignment was used to assess the so-called amino acid 'traffic rule' (Mandrich et al., 2004) . Quite surprisingly, the data were in very good agreement with those recently reported from two independent groups and based on the comparison of a huge number of homologous sequences from the genus Bacillus, Methanococcus and Deinococcus/Thermus. Taken as a whole, the data point to the statistical meaning of defined amino acid conversions going from cold-adapted ( psychrophilic) to heat-adapted (thermophilic and hyperthermophilic) sequences. We identified and mapped several such changes onto the EST2 structure. A site-directed mutagenesis approach confirmed that two of the identified residues (surface-located) were involved in thermal stability (Mandrich et al., 2004) .
Because evidence points to a role of charged surface residues, likely involved in salt bridges or ion pairs in protein stability in general and in that of EST2 in particular, here we report a more comprehensive analysis through alaninescanning mutagenesis of the contribution of surface ion pairs to the EST2 thermal stability.
Experimental section

Site-directed mutagenesis
Mutants derivatives of EST2 were prepared by polymerase chain reaction (PCR) mutagenesis. Plasmid pT7-7 (a derivative of pBR322; Stratagene) carrying wild-type EST2 was constructed starting from plasmid pT7-SCII-AG (Manco et al., 1998 , De Simone et al., 2000 and was used as template for amplification reactions carried out with a highfidelity Pfu-turbo DNA polymerase (Stratagene), using complementary pairs of mutagenic oligonucleotides. Only for K102Q and E43AK102Q we used a simplified method with only one mutagenic primer. The oligonucleotides used were reported in Table I (mismatched sites are underlined).
PCR reactions were performed as follows: first round 948C/4 min, followed by 16 cycles of 948C/1 min, 548C/1 min and a final elongation step of 728C/4 min. An aliquot of the Table I . Oligonucleotide sequences for production of mutants Name Sequences
amplified DNA products was digested with DpnI (378C for 60 min) to degrade the template (methylated DNA). Escherichia coli strain HB101 was transformed with the neosynthesised linear plasmid DNA, and DNA plasmid was purified from one of the resulting colonies. DNA of plasmids carrying the mutated version of EST2 were cleaved with NdeI/SmaI restriction enzymes, the resulting DNA fragments were separated by electrophoresis, eluted (Qiagen elution kit) and ligated into NdeI/SmaI-digested pT7-ScII. By means of this cloning strategy EST2, as well as its mutants derivatives, were cloned under the control of the V10 promoter (an IPTG-inducible promoter). The nucleotide sequence of the mutated genes was determined, thus confirming the presence of wanted mutation and excluding the presence of undesired mutations. DNA sequence was determined automatically using appropriate synthetic oligonucleotide primers. E.coli BL21(DE3) cells were transformed with the constructs and cultured at a large scale in 5 l of Luria-Bertani medium supplemented with ampicillin (100 mg l 21 ). After an overnight growth, cells were harvested by centrifugation (13 200 g, 48C, 10 min), washed with 25 mM Tris-HCl buffer ( pH 8.5), 2.5 mM MgCl 2 , 0.5 mM EDTA and stored at -208C.
Protein purification
Mutant proteins were purified to near-homogeneity by the procedure previously published for the wild-type recombinant EST2 (Manco et al., 1998; De Simone et al., 2000) except that the first step, namely thermo-precipitations of E.coli proteins, was omitted to avoid loss of putatively less stable proteins and substituted with an ammonium sulphate fractionation step. In short, ammonium sulphate at a concentration of 20% of saturation was added to the crude extract under agitation and left on ice for 20 min. After centrifugation (20 min, 14 500 g, 48C) the supernatant was brought to 50% of ammonium sulphate saturation and centrifuged again (20 min, 14 500 g, 48C). The pellet was resuspended in a minimal volume of buffer A (25 mM Tris-HCl buffer ( pH 8.5) 2.5 mM MgCl 2 , 0.5 mM EDTA) and dialysed against the same buffer. Thereafter, the purification was as previously published (Manco et al., 1998; De Simone et al., 2000) .
Electrophoreses
Electrophoretic runs were performed with a Bio-Rad Mini protean II cell unit, at room temperature. Sodium dodecyl sulphate/15% (w/v) polyacrylamide gel electrophoresis was performed essentially as described by Laemmli. Gels were stained with Coomassie brilliant blue G-250 (Laemmli 1970) . Pre-stained Standard Broad Range (Bio-Rad) molecular mass markers were used.
Enzyme assay
The time course of the esterase-catalysed hydrolysis of pNP esters was followed by monitoring the production of p-nitrophenoxide at 405 nm in 1-cm path length cells with a double-beam Varian Cary 1E ultraviolet-visible spectrophotometer equipped with a temperature controller (Varian) based on a Peltier heat-exchange device. Initial rates were calculated by linear least-squares analysis of time courses comprising ,10% of the total substrate turnover. The standard assay contained 200 mM pNP-hexanoate in 20 mM Na 2 HPO 4 /NaH 2 PO 4 , and 4% acetonitrile. Stock solutions of pNP-hexanoate were prepared by dissolving substrate in acetonitrile. The background hydrolysis of the substrate was deducted by using a reference sample of identical composition to the incubation mixture, except that esterase was omitted. One unit of enzymatic activity was defined as the amount of protein releasing 1 mmol of p-nitrophenoxide/min from pNP ester at the indicated temperature. Protein concentration was determined spectrophotometrically using an extinction coefficient of 43 300 M 21 cm 21 at 278 nm.
Determination of pH optimum. The dependence of initial velocity on pH was monitored at 348 nm (the pH-independent isosbestic point of p-nitrophenol and the p-nitrophenoxide ion). pH values of the buffer Na 2 HPO 4 /NaH 2 PO 4 used were adjusted at the optimal temperature of each enzyme.
Kinetic measurements. Initial velocity versus substrate concentration data were fitted to the Lineweaver-Burk transformation of the Michaelis -Menten equation by weighted linear least-squares analysis using a personal computer and the GRAFIT program (www.erithacus.co.uk/grafit).
Thermostability and thermophilicity. The thermal stability was measured by incubating wild-type and mutated proteins (0.2 mg ml
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) in 10 mM Na 2 HPO 4 /NaH 2 PO 4 buffer ( pH 7.0) at 908C. Aliquots were withdrawn at times and assayed at 608C. The dependence of enzyme activity on temperature was studied over the range 50-808C, with pNP-hexanoate (200 mM), dissolved in 20 mM phosphate buffer and pH adjusted to the optimal value at each temperature.
Circular dichroism. Circular dichroism (CD) spectra were recorded as previously reported (Mandrich et al., 2004) . In details a Jasco J-715 (Jasco, Tokyo, Japan) spectropolarimeter equipped with a Peltier-type temperature control system (model PTC-348WI) was used. The instrument was calibrated with an aqueous solution of D-(þ)-camphorsulphonic acid at 290 nm. Molar ellipticity per mean residue, [u] [u] obs is the ellipticity measured in degrees, mrw is the mean residue molecular mass, 113 Da, C is the protein concentration in g l 21 and l is the optical path-length of the cell (in cm). Cuvettes (Helma, Jamaica, NY, USA) of 0.1 cm and 1-cm path length and a protein concentration of 0.1 and 1 mg ml 21 were used in the far-UV and near-UV regions respectively. CD spectra recorded with a time constant of 4 s, a 2-nm bandwidth and a scan rate of 5 nm min 21 were signal-averaged over at least three scans, and baseline corrected by subtracting a buffer spectrum. Thermal unfolding curves were recorded in the temperature mode at 222 nm from 40 to 1008C with a scan rate of 1.0 K min -1 . Data were converted in graphic form by the GRAFIT program.
FoldX analysis. We used the Yasara program obtained free of charge at http//www.yasara.org with the FoldX program (version 3.0) plug included. The EST2 structure used for the analysis was 1EVQ (in the Protein Data Bank). The procedure adopted was that described in the FoldX user manual. In short, the structure was first optimised with the 'repair' function and then used as input for the 'building model' function.
Three runs were performed under conditions setting of pH 7, 298 K and ionic strength of 0.05.
Flexibility analysis
FIRST (Floppy Inclusions and Rigid Substructure Topography) is a program for identifying rigidity and flexibility in network graphs. FIRST can analyse various 3D graphs, from a generic body-bar graph in which only the topology is defined (no distances) up to the full all-atom description of a protein structure defined in a Protein Data Bank file (Jacobs D.J. et al., 2001) . Once a body-bar graph has been constructed for the 3D structure, the pebble game algorithm is used to determine how the bars affect the degrees of freedom in the system (Jacobs and Hendrickson, 1997) . Upon completion of the pebble game it is possible to uniquely determine for each connection (connections are composed of bars) whether it is possible to rotate about that connection (flexible) or whether the connection is locked (rigid). A collection of consecutive rigid bonds defines a rigid region or rigid cluster. Likewise, a collection of flexible bonds may form a collective mode. The program was run free of charge for Academy at the web site http://flexweb.asu .edu/software/first/ by using the default parameters. For each mutant model also the corresponding wt was subjected to the same modelling procedure. The difference between each mutant structural model and wt was analysed with the program PyMol.
Results
Selection of residues for mutagenesis and production of mutants
In the study reported here, three criteria for selection of charged residues potentially involved in EST2 thermal stability were used. First of all, by looking at ion pairs and network of ion pairs, which, in superimposed structures, are conserved in EST2 and AFEST but not in BFAE (Fig. 1A) , 14 residues were selected to be tested by site-directed mutagenesis. Six of them, namely K42, E50, R63, E91, D94 and R98, are involved in a network of interactions (Fig. 1C) . In addition, 8 residues out of the 14 are involved in the following four ion pairs: R31-E118, E43-K102, R58-D130, D145-R148 (Fig. 1B) . For couple R58-D130 we noticed that residue R58 has also interaction with D127, although the interaction is not conserved in AFEST. Consequently, this residue too was added to the list of candidate residues for the mutagenesis approach (Table I) . Second, a careful analysis of a multisequence alignment of all known members of the HSL family (Fig. 2) was performed. Residues conserved in (hyper)thermophilic, but not in the mesophilic and psychrophilic proteins were sought to be important. As a result of this approach two residues were pinpointed, namely E91 and K120. Mapping these residues onto the EST2 3D structure (Fig. 1B) showed that whereas E91 as said above is involved in a network of ionic interactions and was already in the list, K120 does not apparently have interactions with charged residues; consequently the latter residue was excluded from further analysis. As mentioned before, in a previous work a structural alignment was derived from the superimposition of 3D structures or models of the HSL family members and the alignment was used to assess the amino acid 'traffic rule' in the HSL family (Mandrich et al., 2004) . This computational approach led to the prediction of R98 and R148 as likely players in thermal stability and such prediction was positively assessed by site-directed mutagenesis experiments. During this analysis we also identified K61 as a residue that could potentially be involved in thermal stability, but due to the lower statistical significance in our in silico analysis, it was initially discarded. K61 is conserved in AFEST and in EST2 it is involved in the above cited conserved network, even though the residue does not bind directly with short-range interactions to other members of the network. K61 was therefore the last residue chosen for our mutagenic approach.
At the end of this survey, 16 residues were selected (Table I) . In order to measure the contribution to the enzyme stability of the single selected residues an 'alanine-scanning' mutagenic approach was adopted. Furthermore, we produced four double mutants corresponding to the four selected ion pairs (see Fig. 1A ), two double mutants R63A/R98A and E50A/D94A involving residues of the network (Fig. 1B) and the double-mutant R98A/R148A, sought to disrupt both, the R98 interactions within the network and the interaction between R148 and D145. All selected residues were replaced with alanine except E91, which was already available from another project as mutant E91G. Mutants R148A and R98A were produced in a previous work (Mandrich et al., 2004) . All mutants but two (see below) were obtained with the procedure described in the Experimental section. Mutants were sequenced in order to exclude the presence of unwanted mutations. Only in the case of E43A mutant a second undesired mutation was obtained 'by chance' during PCR generating the double-mutant E43A/E273K. Because the unwanted mutation involved a charged residue, in turn implicated in ionic interactions (with R298), we retained for further study both the double-mutant E43A -E273K and the single mutant E273K, which was also produced. All desired mutants were obtained except K102A and E43A/K102A, in spite of the fact that several attempts were made with mutagenic oligonucleotides of different length. To overcome this impasse we mutated K102 to glutamine, being this residue more isosteric with lysine than alanine. In this case, K102Q and E43A/K102Q mutants were easily obtained. All 24 carboxylesterase variants were purified to homogeneity as described in the Experimental section. During the purification procedure we avoided the use of thermoprecipitation steps, which were instead used for purification of wild-type EST2.
Structural and kinetic analyses of mutants
The carboxylesterase variants were tested for their thermostability by incubation at 908C and measurements of the residual activities at various time points, as described in the Experimental section (Supplementary Fig. S1 ). E43A, K102Q, R148A and E91G had nearly 100-, 50-, 20-and 10-fold decrease of their half-lives, respectively, compared with the wild type (for E43A/K102Q and K102Q mutants we observed aggregation and precipitation during heating).
The pH, temperature optimum, kinetic constants K M , k cat and k cat /K M for all single (Table II) and double mutants (Table III) were analysed and data were compared with wildtype EST2. All mutations affected in some way the pH and temperature optima as well as the kinetic parameters (see the Discussion section).
The CD spectrum of the wild-type EST2 in the far-UV region exhibited a broad negative maximum around 222 nm and a strong positive maximum near 195 nm, which were typical patterns of a-or a/b-proteins (Del Vecchio et al., 2002) . Spectra were acquired for each mutant and some selected mutants are shown in Figs. 3 and 4. The CD spectra in the far- (Fig. 3 ) and near- (Fig. 4) UV regions did not exhibit any gross difference between wild-type and mutant enzymes, suggesting that the mutations do not perturb substantially the secondary and tertiary structure of the protein.
Structural thermal denaturations were followed by far-UV CD measurements at 222 nm (Fig. 5) . As for wild type, CD clearly indicates that some features of the natively folded protein (e.g. secondary structure) can be still present in the denatured ensemble at the end of the denaturation process.
The mid-points of the transitions curves are reported in Table IVA ,B. Mutants E118A and D130A had stability similar to wild type whereas R58A, R63A, D94A, D145A and R148A were substantially de-stabilised. R31A, K42A, E91G, R98A and E273K had intermediate values. The R98A/R148A double mutant reveals that, at least in this case, there is a synergic effect between the two mutations; it is worth noting that in this case a residue is involved in an ion pair and a second is involved in the network. In addition to the previous, the E43A/E273K mutant is the most destabilised double mutant produced in this work, while R58A, D94A, R148A, D145A, K61A and R63A are the most destabilised single mutants.
We applied the FoldX algorithm (see the Discussion section) to compute the DDG values of the above-described single and double mutants, and compared the experimentally calculated T m s values with the predicted DDG values (Becktel and Schellman, 1987;  Fig. 6B ). We found a good linear correlation (R 2 ¼ 0.58) by excluding E145A, R148A, K61A and E118A. Also E273K and double-mutant E43A/ E273K were excluded because they were obtained by chance and were predicted to have a stabilising effect in contrast with the T m s values found.
By bootstrapping the R2 value on a population of 100 randomly generated correlations a median R2 value of 0.28 was obtained, suggesting a good significance of the DDG versus T m correlation. In conclusion, data suggest that the algorithm is able to perform well on a limited number of mutations in a single protein model.
Comprehensive analysis of surface charged residues involved in thermal stability Fig. 2 . Multisequence alignment of HSL thermophilic members. A full alignment of HSL family was obtained from the Ester database (http://bioweb.ensam.inra.fr/ESTHER/general?what=index). Only sequences belonging to thermophilic microorganisms are shown. Two residues (E91 and K120 in EST2) conserved in thermophilic microorganisms but not in mesophilic or psychrophilic ones are highlighted. Symth-q67mi3: Symbiobacterium thermophilum q67mi3; Sulsh-q5nu42: Sulfolobus shibate q5nu42; Picto-q6kz86: Picrophilus torridus acetyl esterase q6kz86; AaEST2: Alicyclobacillus acidocaldarius EST2; SsoLIPP-2: Sulfolobus solfataricus LIPP-2; PC-EST: Pyrobaculum calidifontis esterase; AFEST: Archeoglobus fulgidus esterase; StokEst: Sulfolobus tokodai esterase; SsolipP-1: Sulfolobus solfataricus lipP-1; Thermoplasma volcanium esterase; SsoESTNde:Sulfolobus solfataricus ESTNde.
Effect of mutations on flexibility
The molecular models used to calculate the DDG values were subjected to the program FIRST to analyse the flexibility (and rigidity) of the molecules. The residues observed to be in regions more flexible are shown in Table V . For some salt bridges there was the same flexibility effect independent from the partner member mutated. In fact, in the case of pair 31 -118 both single mutants R31A and E118A affect residues L25 and S26. Similarly, for the pair 94-98 the same residue G88 was influenced. In contrast, for R58 member of the network 58-127 -130, mutation to alanine affects residues D52, L53, P54, G55 and R58, K59, V60, K61, M62 No changes were observed for the partners D127 or D130. For the pair 145 -148 there was a similar effect. Only the R148A mutation altered the flexibility at position 309 whereas mutant E145A showed no effect. For all other mutants no effects on flexibility were observed.
Engineering perspective
We mutagenised two EST2 residues namely K42 and K61 into arginines. K61 is substituted in AFEST by R69, which forms several interactions particularly with D58 and E96 (Fig. 1A) . The idea was that the mutant K61R should be more stabilised. As a control we choose K42. EST2 K42 structurally is not conserved in AFEST being substituted by S48, which forms a hydrogen bond with D99 (corresponding to D94 in EST2). Data were interesting indeed. The mutant K42R was less stable than the wt similar to K42A whereas K61R was as the wt (Table VI) . We therefore produced the double-mutant K42R/K61R. Interestingly, in this case we registered an increment of 1.58C in the T m . Considering the negative effect of mutation K42R it seems that R at position 61 is able to rescue this negative effect more than K. Note that the T m of AFEST is 998C and therefore the double (1) R58A; (2)E91G; (3) D145A (4) R148A; (5) EST2wt; (6) E43A; (7) R31A.
Comprehensive analysis of surface charged residues involved in thermal stability mutant provides 10% of the difference in stability between EST2 and AFEST.
Discussion
Enzyme thermostability encompasses thermodynamic and kinetic stabilities. Thermodynamic stability is defined by the enzyme's free energy of stabilisation (DG fold ) and by its melting temperature (T m , the temperature at which 50% of the protein is unfolded). The melting temperatures T m s are the best descriptor of thermal stability. For enzymes that unfold irreversibly, only T m s can be determined. Only a few proteins have been studied to permit the determination of the free energies of stabilisation, although in these few cases a large number of mutants has been analysed (Guerois et al., 2002) . As said above, at the end of the reversible unfolding transition in the temperature range from 50 to 1008C, EST2 still possess some asymmetric structures so that values of DG fold could not be realistically determined (Del Vecchio et al., 2002; Foglia et al., 2007) . For the present study, we only relied upon T m s measurements to compare mutants regarding surface residues involved in ion pairs. We made the assumption that the slight differences we observed among different mutants in terms of complete denaturation had no significant effect on the T m s of the transitions. In fact, the T m values are unequivocally identified as far as a plateau is reached and this is for us the measure of the stability of our mutant compared with the wild type. CD, fluorescence and calorimetric data were previously reported for K102Q, which disrupts the salt bridge with E43. This interaction seems to be involved in fixing the EST2 N-terminus to the rest of the structure (Foglia et al., 2007) . In the same study (Mandrich et al., 2004) it was demonstrated for the three mutants R98A, R148A and K102Q that the tertiary structure measured by CD signal at 290 nm collapsed simultaneously with the secondary structure (signal at 222 nm), as observed for the wild type. Based on this assessment we analysed with good confidence the behaviour of mutants by thermal denaturation followed at 222 nm.
On the other hand, kinetic stability depends on the energy barrier to unfolding (i.e. the activation energy [E a ] of Shading is just to highlight the correspondence between single mutants (above) and double mutants (below).
unfolding). An enzyme's kinetic stability is often expressed as its half-life (t 1/2 ) at defined temperatures. Since to be active an enzyme needs to be folded, stability evaluated by activity measurements represents roughly an assessment of the folded state. Therefore, we also accomplished this analysis ( Supplementary Fig. S1 ) and compared half-lives with T m s data ( Supplementary Fig. S2 ).
As reported, there is a rough linear relationship between T m and kinetic t 1/2 measurements confirming that this relation holds also for this thermophilic enzyme.
Finally, a potent algorithm (FoldX) was used to computationally predict, by using the EST2 3D-structure, the DDG of variants obtained.
A central question in structure/function relationship of proteins is how proteins perform their function with a given structural geometry. It is generally accepted that proteins have evolved to optimise their function rather than stability in a given environment (Schreiber et al., 1994; Tokuriki et al., 2008) . This stability/function trade-off implies the possibility for proteins to improve stability at the expense of function. Quite interestingly, our results do not correlate exactly with thermal stability measured by CD. In fact, R98A was kinetically quite stable ( Supplementary Fig. S1 ) but the structure was not (T m ¼ 86; Mandrich et al., 2004) . SB  D94A  G88  NET*  R98A  G88  NET  R58A  D52, L53, P54, G55; R58, K59, V60, K61, M62  SB  D127A  -SB  D130A  -SB  D145A  -SB  R148A  A309  SB  K61A  -NET  K42A  -NET  E43A  -SB  E50A  -NET  R63A  -NET  E91G -NET SB, salt bridge; NET, network. Furthermore, in double-mutant R98A/R148A a recovery of kinetic stability with respect to the highly kinetically destabilised R148A was observed ( Supplementary Fig. S1 ), implying a dominant or compensative effect of R98A. These observations prompted us to analyse also other parameters ( pH and T optima and kinetic parameters for best substrate pNP-exanoate) in the other mutants. All mutations affected not only thermal stability, but also kinetic parameters. Particularly, for the double-mutant E43A/ E273K a 158C change of the optimal temperature with respect to the wild type was observed. The pH optimum and K M for substrate pNP-exanoate were also modified, yet the activity was only slightly different from wild type. Curiously, mutation E91G in the oxyanion loop did not affect k cat but only thermophilicity, namely the protein adapts its catalytic potential to the new temperature, depending on the structural stability imposed by mutation. Among single mutants the most impaired was mutant R58A, which displays the lowest optimal temperature (608C), the lowest k cat and specificity constant. In fact, the K M value increased substantially. The T m value was one of the lowest (818C) among the single mutants analysed. Accordingly, the DDG value predicted by FoldX was quite positive (2.9). Mutant R148A had the lowest pH optimum ( pH 6) and k cat /K M values coupled with a higher K M (100 mM). R98A mutant as well had substantially altered values. Quite interestingly, double-mutant R98A -R148A was not worse than single mutants: in fact, the specificity increased to 50 s 21 mM
21
. Single mutants E91G and D145A were most similar to wild type.
Note that D145 is involved in a salt bridge with R148 (Fig. 1A) , thus suggesting that the quite different kinetic changes were not due to the salt bridge per se (structure destabilisation), but either to change of other interactions established by R148 with surrounding residues or to relocation of partner D145. This seems confirmed by the fact that R148A -D145A double mutant has intermediate properties between the single mutants. Instead by looking at the T m values the single and double mutants have the same (808C) value. This implies a more 'clean' detection of the effect of the salt bridge on stability. The same result was obtained with ion pair E43A/K102Q, whereas R31A/E118A and R58A/D130A gave a different result suggesting relocation of the acidic partner (Table IV) .
Inside the ions network shown in Fig. 1B , the most destabilising mutation was D94A (T m 808C). This behaviour agrees with the observation that D94 has a central setting in the network and therefore could interact with most of surrounding positive charges. Accordingly, the FoldX prediction value was quite high (3.1). Concerning double mutants made up of components of two different salt bridges, we observed an additive effect with respect to the single mutants (R98A/ R148A; E43D/E273K).
Recently, the energetic of mutant proteins have been studied massively by both computational and experimental approaches. Experimental data have been compared with data obtained by several developed algorithms that predict DDG changes (Guerois et al., 2002; Capriotti et al., 2005; Tokuriki et al., 2007 Tokuriki et al., , 2008 Dehouck et al., 2009) . The FoldX algorithm is an empirical potential approach that derives an energy function by using a weighted combination of physical energy terms (e.g. van der Waals interactions, hydrogen-bonding, electrostatics and solvation), statistical energy terms and structural descriptors, and calibrates these factors to fit experimental DDG values (Guerois et al., 2002 ., Schymkowitz et al., 2005 . The DDG predictions by FoldX have been validated using a large set of mutations in a range of different real proteins and exploited in designing thermostable proteins (van der Sloot et al., 2004 (van der Sloot et al., , 2006 . Finally, a wide-range analysis of mutations in globular proteins natural and in vitro designed allowed to demonstrate that the distributions of stability effects are strikingly similar despite a range of sizes and folds, and largely follow a bi-Gaussian function: The surface and the core residues exhibit a different distribution with a mildly destabilising mean DDG ( 0.6 kcal mol 21 ), and a stronger destabilising mean ( 1.4 kcal mol 21 ), respectively (Tokuriki et al., 2007) . Here, we also applied FoldX to predict the DDG values for all the experimental mutations made in a single thermophilic protein. We also obtained by in silico alanine scanning the computational distributions of DDG in EST2 for all positions and sorted those related to the exposed residues. Although the FoldX values are computational predictions and as such have limited accuracy (Tokuriki et al., 2007 and references therein), they enabled us to examine DDG distributions in a protein-based physical model and on a limited data set. We did find a robust correlation between T m and DDG of mutants. Furthermore, the mean value of DDG values in this case was 1.5 for single mutants (1.8 by taking into account also double mutants Fig. 6B ) These values are higher than the value found for other exposed residues (1.2) whereas the mean value for all residues is 1.7. Thus, while the values for individual mutations are expected to considerably deviate from the experimental values, the trend that we observed linking T m s and DDG values is likely to be relevant and worth to be analysed also in other proteins.
The relationship between stability, flexibility and thermophilicity is a field that has attracted the biochemists all over the last 30 years. The FIRST analysis allowed us to analyse the effect of mutations on flexibility too. Some mutants affected the protein flexibility in a significant way. Look, for example, to the R58A effect on the mobility of 10 residues (Table V) . Intriguingly, R58A is the most destabilising mutation in terms of DDG and T m values and also for the effect on the thermophilicity and kinetic parameters. Interestingly, this region ( particularly T59) was found to move also following the previously made leucine to proline mutation at position 212, which is located on the opposite side of the protein with respect to R58 .
Both mutations R31A and E118A (members of a salt bridge) affected mobility of two residues of the N-terminus (L25 and S26). Again a strong effect was observed on substrate ( pNP-exanoate) efficiency, which was substantially reduced. In a previous work, we reported the role that the first 36 residues at the N-terminus have on EST2 substrate specificity (Mandrich et al., 2005) . Furthermore, the almost null effect on flexibility of mutations in members of the network could be interpreted to the light of the buffering effect that the network exerts on the destabilising effect of the mutations. Accordingly, for mutants K42A, E50A, K61A and E91G the effects on pNP-exanoate specificity were less dramatic. The only exception was R63A destabilized according to all parameters (DDG, T m , kinetic stability and specificity) but not showing changes in the mobility in any part of the protein. Only for pair D94A and R98A (inside the network) the same mobility change affecting G88 was accompanied by a drastic change in pNP-exanoate efficiency. Finally, for pairs 43-102 and 145 -148 only one of the members affected pNP-exanoate specificity (E43 and R148) but mobility was changed only by R148A for residue A310. Based on our results we attempted to engineer stability by mutating EST2 in the AFEST direction.
We changed K61 into arginine. The stability was as in the wt confirming the importance of this charge at this position, but we observed a stronger effect in a different genetic environment. In fact, mutant K42R was destabilised with respect the wild type but K61R was able to rescue this negative effect in the double mutant.
Conclusions
In conclusion, the increased thermostability of EST2 is probably the sum of many small increments (De Simone et al., 2001) , but it seems to originate largely from the contribution of ion pairs s D145-R148, E43 -K102 and single residues R58, K61, R63 and D94. K61, R63 and D94, however, are located inside the network of interactions shown in Fig. 1B . Thus, the residues that contribute mostly to the thermal stability are located nearby each other and at the protein surface. It appears that there is a certain degree of resiliency in the interactions (salt bridges or network) in that the most destabilising effects came from the combination of mutations from a salt bridge and the network or inside the network such as R98A -R148A; E43D -E273K, E50A/D94A or R63A/R98A. This is confirmed by the fact that members of salt bridge R31/E118 for example have a dramatic effect only if both mutated. In general, such residues contribute to fix different elements of secondary structures each others, as previously observed for E43/K102 salt bridge ( Fig. 1B ; Foglia et al., 2007) . Therefore, for protein engineering approaches in the HSL family we suggest that a few changes at surface-exposed sites should be sufficient to greatly increase stability and in an additive fashion. The experiment we tried with K61R is encouraging in this respect. More difficult is the rationalisation of the kinetic effects even though a rough trend seems to be that mutations affecting mobile parts of the structure have in some way effect on the active site through long-range interactions.
According to current theories, thermostable enzymes should be a better starting point for in vitro evolution projects aiming to the tailoring of new useful enzymes (Bloom et al., 2006; Tokuriki et al., 2008) . We hope that this study will stimulate further search in this field.
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